Ground-penetrating radar has the possibility to investigate subsurface soils in a non-destructive way. An ultra-wideband (UWB) stepped frequency continuous wave (SFCW) radar with the transverse electromagnetic (TEM) horn antenna enables efficient forward modeling. The recovery of the electric properties is realized by full-waveform inversion. Experiments on soil samples with different water saturations have been conducted to determine the behavior of the electric properties with increasing saturations. This analysis showed an increase in the electric permittivity and electric conductivity with increasing water saturations for all the used soils.
Introduction
Ground-penetrating radar is a non-destructive electromagnetic exploration method which characterizes underground structure, determines subsurface properties and detects objects in the subsurface i,ii . The goal of using ground-penetrating radar is to determine the three main electromagnetic properties that control electromagnetic wave propagation and damping. These are; electric conductivity σ (S/m), the electric relative permittivity ε r (-) and the magnetic permeability µ (H/m). A solution of Maxwell's equations is used to determine these properties in our particular configuration by making a number of assumptions. These equations describe the electromagnetic wave phenomena.
Ground-penetrating radar offers fast subsurface investigation without harming the underground. In a lot of other type of investigations the surface is irreducibly damaged. This gives ground penetrating radar a big advantage in projects where the subsurface cannot be damaged, like sacred or world heritages sites iii . Another big advantage is the speed at which measurements are taken; other methods are usually more time consuming. In certain applications, like road construction and maintenance it is desirable that the investigation is quickly performed to reduce the time of traffic obstruction and associated economic loss. Another advantage is that a single radar is needed for the investigation, which makes it a cheap method of investigation. However, research is still needed to improve the quality of measurements, data processing and interpretation, with the groundpenetrating radar in non-destructive testing quantitative application iv .
There are two major ground-penetrating radar methods. One uses collects data in the frequency domain and other in the time domain data. One or more antennas connected to a vector network analyzer are mostly used in the first, whereas transmitting and receiving antennas are more commonly used connected to a control and operating unit in the pulse Ground-penetrating radar. The last mentioned method is similar to the method used in reflection seismology, where transmitters and receivers may have common midpoints. Stacked velocities are recovered from the received data to improve the performance in presence of noise.
The full-waveform inversion technique is a more recent and quantitative approach to groundpenetrating radar. A full-waveform inversion method has been developed v for a single horn antenna used off the ground (offground zero-offset or monostatic configuration) that transmits and receives the signal. The antenna aperture face is parallel to the ground, thus the waves leaving the antenna mostly propagate along the vertical axis. The radar emits an ultra-wideband stepped frequency continuous wave signal. Combined with the transverse electromagnetic horn antenna an efficient forward model can be obtained vi . The model is based on linear system transfer functions and on the exact solution of the 3D Maxwell's equations for wave propagation in multiple horizontal layers.
Inverse modeling is used to recover the electric properties. An optimization is performed using the Global Multilevel Coordinate Search algorithm vii in combination with the local Nelder-Mead simplex algorithm viii .
In this thesis the behavior of the electric properties under different saturation is investigated using the transverse electromagnetic horn antenna. Experiments are performed in the laboratory on three different types of soil samples at several distinctly increasing water saturations levels.
The experiment forms part of a larger ongoing experiment carried out by Patriarca and Tosti, who conducted similar measurements using different clay and sand mixtures in dry conditions. 5
Equipment and Methods
The ultra-wideband (UWB) stepped frequency continuous wave (SFCW) radar with the transverse electromagnetic (TEM) horn antenna is used during the experiment without having contact with the sample. The horn antenna is linked to a Vector Network Analyzer (VNA) by a 50 Ω coaxial cable. A schematic view of the lab fixture is given below. A multilayered medium is formed consisting of 3 horizontal layers; air, soil and a perfect electric conductor (PEC), which can be assumed to be a layered earth of infinite lateral extent given the comparatively small antenna footprint. The PEC lies beneath the soil sample and consists of a copper sheet. This small layer reflects all electromagnetic waves that reach this layer; it prevents waves from propagating through the floor of the laboratory, thus preventing noise or disturbances that may arise from measuring the basement concrete and its embedded reinforcement bars.
The ratio S 11 (ω) (where ω is the angular frequency) between an incoming signal X(ω) and the reflected signal Y(ω) is measured as the frequency domain output of the VNA. The signal processing is performed in the frequency domain, to prevent working with more difficult convolution integrals. The frequency response S 11 (ω) is therefore the reflected signal divided by the input signal. Six major assumptions are made in order to process the recovered data:
1. The soil does not contain any magnetic substances; it is assumed that the magnetic permeability is the free space permeability µ 0 , which equals 4π 10 -7 H m parameters that need to be determined are the electric conductivity σ (S/m) and the electric permittivity ε (F/m). 2. The soil consists of piecewise homogeneous and isotropic layers 3. Effects of boundaries are not visible in the reflected wave field, thus the slab is assumed to be laterally of infinite extent 4. The antenna can be modeled as a point emitter and receiver that interact with the earth 5. The traveling signal mainly travels along the axial direction of the antenna, which is the shortest way to travel to the sample and back into the receiver 6. The perfect electric conductor reflects all energy at the lower boundary.
Under these circumstances, the frequency response is given by: Green's function of the multi-layered system. The overall system is represented in a block diagram in figure 2 (next page).
Equation 1: Frequency response of the system Calibration
The input return loss transfer function can be determined by measuring the reflections with the antenna above the metal plate without the soil. In this case, the parameters satisfy the free space conditions, the reflected field Green's function of an air layer separating the antenna and a perfect electric conductor can be modeled if the distance between the antenna and the metal plate is known. Equation 1 can then be solved for the antenna transfer functions when at least three measurements are available. The feedback, receiving and transmitting transfer functions can be determined by again measuring without soil and then at different heights. The antenna is being put at different distances from the ground. This enables you to set up a system of equations, which can be solved. Here H(ω) equals H t (ω) times H r (ω).
With all the transfer functions known, the earth reflection response can be calculated (G xx (ω)) from the measured S 11 (ω). 
Conductivity and permittivity
Electric conductivity (σ) is the ability of a medium to let an electric current flow through a medium; it is the reversed definition of electrical resistivity. The SI unit of electric conductivity is S m
).
Electric permittivity (ε) is the polarization ability that occurs when an electric field is formed in a medium. It describes how much flux is generated per unit charge. The SI unit of permittivity is F/m. The relative permittivity is given by:
ε 0 is the permittivity of free space and equals 8.85 x 10 -12 F/m. The relative permittivity is unit less.
When water is mixed with clay, it interacts with the surface of the clay particles. This is due to the electric dipole moment of the water molecule and the negative charge at the clay particle surface.
The positive charged part of water molecules will move towards the negative charge at the clay surface. It is well known that water is a much better electric conductor than the much more electric resistant clay. Dispersion arises at certain frequencies from this relaxation mechanism. This is called the Maxwell-Wagner effect ix,x . For this reason electric conductivity is frequency dependent. An extra parameter is added to account for this effect.
In which σ (f) is the frequency dependent electrical conductivity, σ 1 the apparent conductivity, a the variation rate of the conductivity, f the frequency and f 0 the starting frequency.
The solution to Maxwell's equations is given by the Green's function, where the source is in the position: x=y=z = 0.
The spectral domain parameter is given by k p . Gauss theorem is used to integrate the Green's function. The solution for ̃ for this specific source and receiver configuration is:
Equation 2: Frequency dependent conductivity
The superscript TM stands for transverse magnetic mode and TE for transverse electric mode. These are reflection coefficients that describe what fraction of the wave is reflected in each mode. Г is the vertical wavenumber. Subscript n equals one.
The objective function is given by:
In which ( , ) is the modeled Green's function and * ( )is the measured function. Vector b is the parameter vector, which is composed by the permittivity and the conductivity (a frequency dependent part and a constant part) in each layer. The goal is to minimize the objective function, the modeled and the measured Green's functions will be more similar if this function is reduced.
Measurements are conducted between 750 MHz and 3.00 GHz. The initial minimum value was 500 MHz, however this part of the data has proven to be very poor. The specs of the antenna start from 800 MHz, for this reason the measurements below 800 MHz are of poor quality.
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Laboratory Set-up
During the experiment in the laboratory, tests on three different types of soils are conducted.
The first type of soil is the A1 soil; it consists of coarse grains (4-8 mm) and contains 25% of clay (montmorillonite). The second soil is A2, which is less coarse (1-2 mm) and 75% consists of sand and the other 25% the same clay as in the A1 type. The last soil is the A3 soil, which consists for 75%of fine grains (fine sand, 0.125-0.250 mm) and 25% of montmorillonite. The table below gives an overview of the soil types.
Measurements with the two antennas, the experimental system and the conventional GPR, are conducted on wet versions of these soils. Starting from 2% water content, up to 20%, with steps of 2% in between. Ordinary Dutch tap water (Delft) is used for saturation. In order to give the soils the right water content, the following steps have been taken;
A working box for each soil is used to store the entire sample before testing and a measuring box is used to make radar measurements. The net weight of the soil in the working box is measured, to determine how much water is needed to get the right moisture content. The next step is to make the soil homogeneous. This can be achieved by using the mixer, where the water and soil are put together and mixed for three minutes. Unfortunately the mixer only had one speed to mix with, which was a bit slow. Especially for smaller water contents the mixer was not very effective. After mixing the soil is put in the measuring box. Using the wooden structure, the filled space above the box can be filled too. The measuring box with structure above is put on the vibrating table, where it is being vibrated for one minute. The vibrating machine induces compaction and gives a slight increase in homogeneity. Some of the soil above the box is subsided into the box. This works especially well for lower moisture contents, with higher contents (about 12%) the soil behaves like a very viscous fluid (especially with the coarser grains) and in this case the vibrating table loses its effectiveness.
The next step is to remove the soil above the box, after this the box is completely filled up to the top. The overburden is put back in the working box. The measuring box is weighted before measuring with the antennas. The measuring box is then put in the middle of the PEC plate, right under the horn antenna. The calibrated horn antenna then performs the measurements. The horn antenna is during all days of experimenting on the same location. In this way, all the small distortions due to the environment are the same in all measurements. It is also the same place where previous experiments have been performed.
Three core samples are taken after measuring; each sample is then being weighted and put in the oven at 105 o C for at least 24 hours. Then it is taken out and weighted again. It is assumed that all water has evaporated during the time in the oven. The differences in weight allow to calculate how much water has evaporated, thus the real water content.
There is some discussion on the representation of this value, due to heterogeneity within the soil. The value is more representative if all three values are about the same (low standard deviation).
The A2 soil measurement series was stopped after 16% moisture content. The soil became extremely rigid, making it very hard and especially very time consuming to take out all of soil in the mixer. Putting it in the measuring box was even harder. The highly saturated soil does not seem to represent a realistic soil anymore. The original idea was actually to continue the experiment up to 30% (with larger water content steps); however, it became difficult to operate in the laboratory and did not seem useful to carry on with the experiments. For this reason the measurement was stopped.
All the data of all samples are available in the appendix, which are in an excel document. 
Data processing
All of the acquired data from the VNA is processed using the Matlab enironment. The Global Multilevel Coordinate Search (GMCS) optimization algorithm in combination with the local NelderMead simplex algorithm performs the iterations, as mentioned before in the introduction. The GMCS is a global optimization algorithm that is applied globally; it searches iteratively for a solution of an objective function xi . Because this algorithm operates globally, you have to give an interval of the parameter before iterating, so that it searches for the solution within that user specified interval. The Nelder-Mead simplex algorithm is used to check the found values with GMCS optimization.
Four parameters need to be determined: electric permittivity, electric conductivity, the frequency dependent conductivity part and the distance between the topsoil and the source (this is called the height (h 0 ) in meters). The last parameter h 0 is the easiest to determine, the speed of an electromagnetic wave in the air is known: the speed of light (c= 3.00 x 10 8 m/s). The height is calculated in a separate calculation, which is performed before determining the other three parameters. This procedure reduces the number of unknowns for the second calculation, when the other three parameters are determined.
A short calculation (few iterations, 1000 steps) provide information of the range in which the three not yet known parameters lie. This information allows setting accurate boundaries for performing long calculations (many iterations, at least 50,000 steps). This calculation gives accurate estimates for the last three parameters.
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Results and Discussion
An import note that has to be made before presenting the results is that from equation 2 on page 9 is that the 3 rd determined parameter in the inversion (parameter a) are not presented in the following results, because these values were extremely low (between 10 -11 and 10 -26
). In these circumstances this parameter has a negligible role and all values for a in all datasets have been rounded off to zero.
A1 Results
Table 2 (below) shows all the obtained values for permittivity and conductivity. The data is sorted from small actual water percentages measured in the oven to large (this is why the 8 and 10% water step have been switched). Tabel 2: Results of the A1 measurements Figure 9 represents the measured and modeled amplitudes (top) and phase (bottom) of the Green's functions of the first data set (2%). The time domain functions are shown in figure 10 .
Measurement
The accuracy of the obtained value of the permittivity and the conductivity is determined by studying how the modeled amplitude and phase change for less accurate calculation of permittivity and conductivity. The time-domain graph is dominated by the first and second arrivals, which form the largest peaks in the graph. The first arrival is due to the reflection of the air-sample interface and the second of the sample-PEC interface. The smaller oscillations are formed because of the inverse Fourier transformation, where a block function in the frequency domain is a sinc function in the timedomain. Figure 11 represents the phases and amplitudes of the 20% water content sample. The modeled amplitude is now a straight line, where amplitude increases with larger frequencies. The measured amplitude (antenna effects have been removed) also increases with larger frequencies.
The phase has the shape of a smooth saw tooth, and the modeled and measured phase make a good match in the graph.
In the time-domain graph ( Figure 12 ) the second arrival is no longer visible. There is only one major arrival just after 2 ns. The disappearing of the second arrival can be explained by the increasing electric conductivity, during the time that the wave travels through the higher conductive layer, amplitude decreases continuously, therefore the signal from the second arrival will have a smaller pulse compared to the less conductive layer (at lower percentages). In Figure 13 the permittivity is plotted versus the water content. For contents under the 10%, the permittivity is around 4. For higher water contents the permittivity increases. This is expectable, because the permittivity for water is around 80, while the permittivity of rock is usually around 3 to 6 xii .The permittivity of air is 1. However, the increase of the permittivity seems to be nonlinear, the last value is by far the largest. An important issue that the A1 sample encountered (more than the other soils) is the space filling in the box; due to large grain size not all void space in the box was filled. The rigid clay was not able to gently fill all the space, so some air remains trapped within the sample.
Another note that has to be made is that not all measurements were done on the same day, so the soil had to remain in the working box overnight, which was covered with plastic. It is likely that some water had evaporated in the time it had stayed there.
It is very likely that the clay that is used already contains some water. Montmorillonite absorbs a lot more compared to other clay types xiii . Its ability absorbs and store water may have caused higher saturations. This however does not explain why the 2% sample has higher values for the permittivity and conductivity. There is again a rise of the permittivity and conductivity, just like in the A1 soil type. The permittivity and conductivity of the 2% and 14% measurement slightly differ from the other recovered data; the 2% measurement is a larger value for permittivity than the 4 and 6% measurement. The conductivity of the 2% and 4% measurement are extremely low compared to all other conductivity values. 
A3 Results
The last tests were performed on the A3 soil type; the results on permittivity and conductivity are in the For all 3 different soil types the permittivity and conductivity seem to increase with increasing water content. For the permittivity the increase of value is by far the largest in the last measurement, which gives all of the 3 permittivity versus water content plot a large gradient at the end of the plot. The increase in permittivity is small compared to the last measurement steps.
For this reason, the values of the permittivity for high water content are questionable, because they are not in trend with the other calculated values. On the other hand, if water has a permittivity of 80 and the soil consists of 25% of water, then a permittivity of 24.9 (last measurement of A3 soil) does not seem unlikely. From this reasoning one might expect an even higher value for the permittivity, a value above 30. In this scenario the lower contents are questionable, because these are expected to be higher.
Extra iterations have been performed in smaller frequency intervals, in this way it is possible to calculate the parameters several times for some intervals instead of calculating a single value over an entire iteration. This is performed to check if the permittivity and conductivity do not differ over the measured frequencies. It can give an indication of the reliability of the calculated values. If the parameter differ a lot the single calculated permittivity or conductivity may not be so reliable.
This test is performed on the A1 6% measurement and the A3 20% measurement, to check for low and high percentage of water. It is essential to have an indicator for these values, since no one has ever conducted this experiment with this antenna with these circumstances. The values for the permittivity in first plot fluctuate, however if we take a look at the scale the permittivity does not vary much. The average of these values is 3.66 and the standard deviation is 0.16. The value recovered earlier for the same data is 3.58, between the averaged and this value is a small difference. The reliability of the permittivity for lower water percentages seems to good according to this procedure.
The conductivity increases for higher frequencies. A trendline is drawn between the measured conductivity.
The same procedure has been followed on the A3 20% measurements. The value found for the permittivity for this measurement in the previous results is 24.9. The average from these values is 21.8 with a standard deviation of 3.02. This is a considerable difference (larger than 10%). This indicates that the results of the permittivity may not be as accurate as the low water contents.
In contrast of the low water content, here the conductivity does not seem to increase. For higher frequencies the conductivity seems to converge to 1 value, however at low frequencies (the first three data points in the graphs) differ from the other data points.
There is the same problem for the first data point compared to the previous section, it is way too small and does not fit with the rest.
These calculated values could suggest that conductivity increases for low water percentages and at high percentages the conductivity is constant. However, from the literature xiv it does not seem likely that this would be the case. For the presence of moisture, conductivity would become frequency dependent. The A3 20% measurement does not suggest this.
Previous research from Lambot et al. (2004) concluded that the same antenna does not give satisfactory results for the conductivity in dry circumstances. 
Discussion
 The soil samples with lower water content had to be made outside due to the dust it creates. At some of the experimenting dates; it was freezing and snowing outside. During the time the soil sample was made outside, the soil has cooled down some degrees centigrade. The time between taking the sample inside and performing the measurement was short, so the sample did not have much time to come back to room temperature. However, the time interval in which the sample was outside was only during vibrating and mixing. Permittivity and conductivity are temperature dependent, so this may have slightly influenced the measurement  The soil sample have not been perfectly homogeneous, the quality of the mixer was low. Because of this it was not possible to make a good homogeneous soil. In Figure 22 it is visible that boulders are formed during mixing, sizes vary a lot. Some parts of the soil keep sticking on within the mixer, these parts contain more water.
 The low water percentages do not add up to the large amount of soil, in the case of 2% water, it was not possible to saturate the water homogenous over the soil. This is due to the large swelling capacity of montmorillonite. The initial amount of soil was in every measurement above 50 kg, it is simply impossible to allow the sample to evenly absorb water over the soil. In the picture it is visible that some parts of the soil are wet. However, there a lot of parts in the soil that contains a lot less water than the parts mentioned before. The absorbing of the water in the sample started being equal (visually) from around 8%. 
Conclusion
It is clear from the results of all the soil types that permittivity and conductivity increase with increasing water content. In the permittivity versus water saturation and conductivity versus water saturation plots in the previous chapter some linear increase has been detected. However, outliers give big question marks for concluding linear activity.
From the permittivity data it is concluded that permittivity increases linear if we consider the last large value(s) as outliers. All the permittivity versus water content plots has last values that do not fit with the rest of the data.
The second conclusion is on the behavior of the electric conductivity. The conductivity seems to increase linearly with the water content. Especially at higher contents the increase of the conductivity has a nice linear trend (Figure 19 ). Although the A1 and A2 still have some outliers. The low water content soils do not seem to conduct well at all, some of these values had to be rounded off to zero.
Comparing the results of the different soil types, A3 soil has the highest values for the permittivity. The behavior of all soil types does seem to have a match: low increasing activity for lower percentages and high values at the end (Figure 22 ).
For the conductivity it seems that A1 is the most conductive, and then A2 and A3 seemed to be the least conductive (Figure 23 ).
